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REMARKS 

Claims 17-34 currently appear in this application. 
The Office Action of July 23, 2008, has been carefully 
studied. These claims define novel and unobvious subject 
matter under Sections 102 and 103 of 35 U.S.C., and therefore 
should be allowed. Applicant respectfully requests favorable 
reconsideration, entry of the present amendment, and formal 
allowance of the claims. 

Amendments 

Claims 17 and 2 3 have been amended to delete the 
term "prevention and/or" from the claims. 

New claims 32-34 have been added. Support for 
claims 32 and 33 can be found in the specification as filed at 
paragraph 0013. Support for claim 34 can be found in the 
specification as filed at paragraph 0033. 

Art Rejections 

Claims 17-31 are rejected under 35 U.S.C. 103(a) s 
being unpatentable over Tamura et al . , US 5,574,178, in view 
of Tsujii et al . , US 5,043,354. 

This rejection is respectfully traversed. 
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The compound disclosed in Tamura et al (US 
5,574,178) is represented by formula (I) : 




which covers the compound of claim 17 of the present 
application . 

The benzofuran derivative disclosed in Tsujii et al 
(US 5,043,3 54) is represented by the formula: 




Those compounds are structurally common to each 
other in that they have a benzofuran ring when R 2 and R 4 in 
formula (I) of Tamura et al are taken together to form a 5- 
membered ring. 

Regarding the pharmaceutical effect of benzofuran 
ring, Spaniol et al (Journal of Hepatology 35 (2001) 628-636, 
a copy of which is attached) shows that benzofuran ring of the 
amiodarone molecule, which is a highly effective 
antiarrhythmic agent, is responsible for liver mitochondrial 
toxicity caused by amiodarone, which toxicity is, in turn, 
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responsible for one of several adverse effects of amiodarone, 
hepatocellular liver damage. 

Briefly, Spaniol et al synthesized the four 
amiodarone analogues composed of different parts of the 
amiodarone molecule, B0, B2 , CI and D2 , each having the 
following structures : 




Amiodarone 




CI D2 

and investigated their effect on the function of isolated rat 
liver mitochondria, and concluded that the benzofuran 
structure is responsible for mitochondrial toxicity of 
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amiodarone and the presence of iodine is not essential. Refer 
to page 628, lines 13-15; page 628, right column, line 14 to 
page 629, left column, line 4; and page 629, right column, 
line 44 to the bottom of page 630. 

The conclusion reached by Spaniol et al is supported 
by the other group, Quaglino et al (Am J Physiol Lung Cell Mol 
Phyiol 287: L438-L447, 2004, a copy of which is attached). 
Quaglino et al also indicates that the benzofuran moiety of 
amiodarone is toxic to liver cells. Refer to page L438, left 
column, lines 25-26. 

Spaniol et al further shows the structures of 
benzarone and benzbromarone : 




Benzarone Benzbromarone 

as drugs containing a structure similar to amiodarone in that 
they have 2 -ethyl -benzofuran group: 
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which is closed to 2 -butyl -benzof uran group contained in 
amiodarone : 



and as those causing serious hepatic injury. Refer to the 
bottom of Fig. 1 depicted on page 63 0 and the description 
appearing on page 634, right column, lines 3 to 16. 



benzofuran ring structure referred to in Spaniol et al as 
being responsible for mitochondrial toxicity can be 
generalized to "2 -alkyl -benzofuran group 7 ' : 



As the Examiner points out, Tsujii et al suggests 
that the benzofuran derivative disclosed therein is useful for 
the treatment of disorders of liver. Comparing the benzofuran 
derivative of Tsujii et al with the 2 -alkyl -benzofuran group 
mentioned above, the benzofuran derivative is unique in that 
it has a "catechol unit" : 




This indicates that the benzofuran structure or 
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In view of the fact that the benzof uran derivative 
disclosed in Tsujii et al has 2 -branched alkyl -benzof uran 
group : 




which is closed to 2 -alkyl -benzof uran group and is considered 
to also cause a mitochondrial or hepatic toxicity according to 
the conclusion reached by Spaniol et al, one skilled in the 
art would have ascribed the activity of the benzofuran 
derivative disclosed in Tsujii et al to treat a hepatic 
disease to the catechol unit. 

Referring to the structure of the compound disclosed 
in Tamura et al , which corresponds to the compound of claim 17 
of the present application when R 2 and R 4 are taken together to 
form a 5 -membered ring, it does not contain catechol unit. 

Therefore, one skilled in the art would not have 
expected from the disclosures of Tamura et al and Tsujii et 
al, that the compounds of claims 17-31 are useful for the 
treatment of fatty liver or hepatic disease, before the 
priority date of the present application and, thus, claims 17- 
31 are not obvious over Tamura et al in view of Tsujii et al . 
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In view of the above, it is respectfully submitted 
that the claims are now in condition for allowance, and 
favorable action thereon is earnestly solicited. 



Respectfully submitted, 

BROWDY AND NEIMARK, P.L.L.C. 
Attorneys for Applicant 



By: 



£ /7 



*4 



Ansfe M . Kornbau 
Registration No. 25,884 



AMKrsrd 

Telephone No. : (202) 628-5197 
Facsimile No. : (202) 737-3528 
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Toxicity of amiodarone and amiodarone analogues on isolated rat 

liver mitochondria 
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Background: Amiodarone is a well-known mitochondrial toxin consisting of a benzofuran ring (ring A) coupled to a 
p-OH-benzene structure substituted with 2 iodines and a di ethyl -ethanolamine side chain (ring B). 
Aim: To find out which part of amiodarone is responsible for mitochondrial toxicity. 

Methods: Amiodarone, ring A and B without the ethanolamine side-chain and iodines (BO), ring A and B with iodines 
but no ethanolamine (B2), ring B with 1 iodine and no ethanolamine (CI) and ring B with ethanolamine and 2 iodines 
(D2) were studied. 

Results: In freshly isolated rat liver mitochondria, amiodarone inhibited state 3 glutamate and palmitoyl-CoA 
oxidation and decreased the respiratory control ratios. BO and B2 were more potent inhibitors than amiodarone 
and B2 more potent than BO. CI and D2 showed no significant mitochondrial toxicity. After disruption, mitochondrial 
oxidases and complexes of the electron transport chain were inhibited by amiodarone, BO and B2, whereas CI and D2 
revealed no inhibition. Beta-oxidation showed a strong inhibition by amiodarone, BO and B2 but not by CI or D2. 
Ketogenesis was almost unaffected. 

Conclusions: Amiodarone, BO and B2 are uncouplers of oxidative phosphorylation, and inhibit complexes I, II and 
III, and 3 -oxidation. The benzofuran structure is responsible for mitochondrial toxicity of amiodarone and the 
presence of iodine is not essential. 

© 2001 European Association for the Study of the Liver. Published by Elsevier Science B.V. All rights reserved. 
Keywords: Amiodarone; Mitochondria; Electron transport chain; p-Oxidation; Ketogenesis; Liver injury 



1. Introduction 

Amiodarone is a highly effective antiarrhythmic agent 
with class III activity according to the classification of 
Vaughan-Williams [1], It is used in the treatment and 
prophylaxis of both ventricular and supraventricular 
arrhythmias [1], in particular in patients with heart insuffi- 
ciency [2,3], because it has no significant negative inotropic 
effect. 
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Amiodarone has several adverse effects including corneal 
deposits, hypo- and hyperthyreosis, pulmonary fibrosis and 
hepatocellular liver damage [1]. About 1-3% of the patients 
treated with amiodarone suffer from symptomatic liver 
disease which may histologically be similar to alcoholic 
liver lesions [4,5], One of the reasons for hepatic toxicity 
of amiodarone may be impairment of the function of liver 
mitochondria. It has been shown in mice that amiodarone 
inhibits mitochondrial P-oxidation of fatty acids, leading to 
microvesicular steatosis of the liver [6]. In addition, amio- 
darone has an uncoupling effect on oxidative phosphoryla- 
tion and inhibits the function of the electron transport chain 
in isolated mice liver mitochondria [7]. 

The current study was undertaken to find out which part 
of the amiodarone molecule is responsible for mitochondrial 
toxicity. Amiodarone is composed of a diiodobenzene ring 
carrying a diethyl aminoethoxy side chain, and a benzofuran 
ring carrying a C 4 H 9 side chain (Fig. 1). In order be able to 
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answer our question, we synthesized four amiodarone 
analogues composed of different parts of the amiodarone 
molecule and investigated their effect on the function of 
isolated rat liver mitochondria. 

2. Materials and methods 

2.1. Reagents 

Amiodarone hydrochloride and the amiodarone analogues were synthe- 
sized as described previously [8]. Duroquinol (durohydroquinone) was 
purchased from ReseaChem GmbH (Burgdorf, Switzerland). [1~ H C]Palmi- 
tic acid was purchased from Amersham Pharmacia Biotech (Diibendorf, 
Switzerland). All other chemicals were purchased from Sigma Chemical 
Co. (Buchs, Switzerland). 

2.2. Animals 

Male Sprague-Dawley rats were purchased from BRL Biological 
Research (Fullinsdorf, Switzerland). They were fed ad libitum and held 
on a 12:12-h dark/light cycle. The study protocol had been accepted by 
the Animal Ethics Committee of the Canton Basel Stadt. 

2.3. Isolation of liver mitochondria 

Rats were killed by decapitation and mitochondria were isolated from the 
liver by differential centrifugation according to the method of Hoppel et al. 
[9]. This method yields mitochondria of high purity with only minor 
contamination by peroxisomes or lysosomes [10], The mitochondrial 
protein content was determined using the biuret method with bovine 
serum albumin as a standard [11]. 

2.4. Oxygen consumption by intact mitochondria 

Oxygen consumption was measured in a chamber equipped with a Clark- 
type oxygen electrode (Yellow Springs Instruments, Yellow Springs, OH) 
at 30°C as described previously [12]. 

The respiratory control ration (RCR) was determined as a marker of the 
functional integrity, e.g. coupling of oxidative phosphorylation, of the mito- 
chondria. The RCR is the ratio of the rate of the oxygen consumption in the 
presence of a substrate and ADP (state 3) to the rate after complete conver- 
sion of ADP to ATP (state 4) [13]. 

The concentration of the substrates used were 20 mmol/1 for L-glutamate 
and 80 jjimol/1 for palmiloyl-CoA. The incubations with palmitoyl-CoA 
contained also 2 mmol/1 L-carnitine and 5 mmol/1 L-malate. 

Amiodarone and the analogues were dissolved in dimethylsulfoxide 
(DMSO) and added to the mitochondrial incubations before addition of 
the respective substrate at final concentrations of 10—100 jxmol/l as indi- 
cated in the Tables 1-4. Control incubations contained the same amount of 
DMSO as the incubations with amiodarone or analogues. 

2.5. Activities of mitochondrial oxidases 

The activity of NADH, succinate, duroquinol and cytochrome c oxidase 
were determined at 30°C with the oxygen electrode using freeze-thawed 
mitochondria as described originally by Blair et al. [14] and with the modi- 
fications described previously [12]. 

2. 6. Activities of the enzyme complexes of the electron 
transport chain and of long-chain acyl-CoA dehydrogenase 

The activities of complex I-IV of the electron transport chain were 
determined by spectrophotometric methods as described previously for 
complexes I, II, IV [12], and in [15]. 



The activity of long-chain acyl-CoA dehydrogenase was determined 
using the spectrophotometric method of Hoppel et al. [9]. In this assay, 
palmitoyl-CoA is used as a substrate and the reduction of cytochrome c is 
monitored. 

2.7. In vitro mitochondrial ft -oxidation 

The (3-oxidation of [1- 14 C] palmitic acid by liver mitochondria was 
assessed as described by Freneaux et al. [5] with some modifications. 
The preincubation medium (900 (xl of 70 mmol/1 sucrose, 43 mmol/1 
KCI, 3.6 mmol/1 MgCl 2 , 7.2 mmol/1 potassium phosphate and 36 mmol/1 
Tris-HCl, pH 7.4) contained 0.2 mmol/1 ATP, 50 u.mol/1 L-carnitine, 15 
jxmol/l coenzyme A, 1 mg mitochondrial protein and 5 mmol/1 acetoace- 
tate. 

After 5 min of preincubation at 30°C the incubation mixture was brought 
to 1 ml by adding 1 00 uJ of preincubation buffer containing [1- l4 C]palmitic 
acid (final concentration 40 u.mol/1; 0.05 jxCi per ml) and bovine serum 
albumin (final concentration 2.5 mg/ml). The incubations were carried out 
for 15 min at 30°C with slow shaking. Pilot studies had shown that the 
reaction was in the linear phase at this time point. The reaction was stopped 
by adding 100 jxl of 30% perchloric acid (w/v) and by putting the tubes on 
ice for 20 min. The incubation vials were then centrifuged and the 1 ^-acid- 
soluble [3-oxidation products were counted in the supernatant. Such 
products represent mainly ketone bodies and citric acid cycle intermediates 
[5]. 

2.8. Determination of ketone body formation 

Ketone body formation by liver mitochondria was measured in freeze- 
thawed mitochondria according to Chapman et al. [16] with some modifi- 
cations. 

Two mg of mitochondrial protein were incubated at 37°C for 15 min with 
an acetyl -CoA generating system in a final volume of 900 ui. This system 
contained 25 units of phosphotransacetylase and the following components 
at the final concentrations indicated: 10 mmol/1 sodium phosphate (pH 7.4), 
4 mmol/1 ATP, 30 mmol/1 lithium acetylphosphate, 1 mmol/1 CoASH, 35 
mmol/1 KCI, 3 mmol/1 MgCl 2 and 0.5 mmol/1 dithiothreitol. The reaction 
was stopped by adding 100 |jl1 of 30% perchloric acid (w/v). After having 
removed the precipitate by centrifugation, the supernalants were analyzed 
for acetoacetate according to Olsen [17]. 

2.9. Statistical methods 

Data are presented as mean ± SD. Differences between control incuba- 
tions and incubations containing amiodarone or amiodarone analogues 
were analyzed using analysis of variance (ANOVA) for repeated measures 
and Tukey's protected /-test to localize differences obtained by the 
ANOVA. A P value of less than 0.05 was considered to be statistically 
significant. 



3. Results 

The toxicity of amiodarone and the structural analogues 
B0, B2, CI and D2 (structures shown in Fig. 1 ) was tested in 
isolated rat liver mitochondria. The effect of amiodarone 
and analogues on oxidative mitochondrial metabolism 
using glutamate or palmitoyl-CoA as substrate is shown in 
Table 1 . In the presence of glutamate as substrate, amiodar- 
one, B0 and B2 revealed a dose dependent toxic effect on 
mitochondrial metabolism. Glutamate is metabolized by 
glutamate dehydrogenase to a-ketoglutarate and NADH 
which is oxidized by complex I of the electron transport 
chain (Fig. 2). Complex I transfers the electrons to 
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complexes III and IV. These substances inhibited state 3 
oxidation, reflecting impairment of the function of the elec- 
tron transport chain. The corresponding IC 50 values were 
83 ± 29 jxmol/1 for amiodarone, 57 ± 40 pinol/l for BO 
and 17 ± 6 fxmol/1 for B2. Furthermore, they increased 



state 4 oxidation (results not shown, for calculation see 
Table 1), leading to a decrease of the respiratory control 
ratio (RCR) and suggesting uncoupling of the activity of 
the electron transport chain from production of ATP. The 
IC 50 values for the decrease in RCR were 13 ± 5 jxmol/1 for 
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OH 



B 0 



B 2 
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Fig. 1. Chemical structure of amiodarone analogues, BO and B2 are the result of Odealkylation of amiodarone. BO carries no iodine atoms at the 
benzofuran group. D2 and CI are the result of removal of the 2-butyI-benzofuran group of the amiodarone molecule. CI has also undergone O- 
dealkylation. Benzbromarone and benzarone are two drugs with a chemical structure similar to amiodarone. 
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Table 1 

Oxidative metabolism of glutamate and palmitoyl-CoA by isolated rat liver mitochondria 8 





L-Glutamate (20 mmol/1) 




Palrnitoyl-CoA 






State 3 


RCR 






Control (no inhibitor) 


92 ± 5 


6.6 ± 0.7 


35 ± 5 


2.5 ± 0.3 


Amiodarone ((xmol/l) 










10 


82 ± 6 


3.0 ± 0.2** 


59 ± 22* 


2.2 ± 0.2 


20 


71 ±4 


2.6 ± 0.2** 


61 ± 11* 


2.0 ±0.1* 


50 


56 ± 29* 


1.0 ± 0** 


47 ± 17 


1.9 ± 0.4 


100 


0** 


_ 


4.8 ± 2.3** 


1.0 ± 0** 


B0 (jxmoiyi) 










10 


71 ± 5* 


3.2 ± 0.4** 


45 ± 6 


2.2 ± 0.4 


20 


55 ± 13** 


1.7 ± 0.4** 


54 ± 3* 


1.9 ± 0.3* 


50 


32 ± 12** 


1.0 ± 0** 


18± 17 


1.5 ± 0.3* 


100 






3.7 ± 2.6** 


1.0 ± 0** 


B2 (jxmol/1) 










10 


55 ± 11** 


1.0 ± 0** 


55 ± 6 


2.9 ± 0.4 


20 


42 ±3** 


1.0 ± 0** 


51 ± 30 


2.0 ± 0.8 


50 


19 ± 6** 


1.0 ± 0** 


14 ±9 


1.0 ± 0** 


100 


0** 




0** 




CI (jxmol/1) 










10 


65 ± 12** 


5.0 ± 1.5 


48 ± 11 


2.1 ± 0.2 


20 


84 ±9 


7.0 ± 2.3 


42 ± 4 


2.4 ± 0.7 


50 


72 ± 5* 


5.5 ± 0.4 


37 ± 6 


2.2 ± 0.5 


100 


76 ±5* 


5.8 ± 0.7 


36 ±7 


2.1 ± 0.5 


D2 (jutmol/1) 










10 


79 ± 10 


5.6 ± 0.4 


30 ± 1 


2.0 ± 0.2 


20 


74 ± 12* 


7.2 ± 1.4 


31 ± 5 


2.4 ± 0.2 


50 


78 ±2 


8.8 ± 0.4 


34 ± 10 


2.6 ± 0.4 


100 


84 ±7 


6.9 ± 1.5 


32 ±5 


2.3 ± 0.2 



a Units for state 3 activity are natoms/min/mg mitochondrial protein. The respiratory control ratio (RCR) is calculated by dividing state 3 by state 4 
respiration (state 4 respiration is not given). The structure of the amiodarone analogues is given in Fig. 1 . Data are given as mean ± SD of three individual 
mitochondrial preparations. *P < 0.05 vs. control; **P < 0.01 vs. control. 



amiodarone, 11 ±6 fxmol/l for B0 and <10 fimol/1 for B2. 
Considering the IC 5u values, B2 appeared to be slightly 
more toxic than amiodarone or B0, suggesting that the 
two iodines are not essential for mitochondrial toxicity but 
enhance the toxicity of amiodarone and analogues. In 
contrast to B0 and B2, CI and D2 revealed only a slight 
decrease of the activity of the electron transport chain with- 
out clear dose dependency. 

The stimulation of state 4 respiration could be due to 
uncoupling of oxidative phosphorylation (direct transport 
of protons across the inner mitochondrial membrane by 
bypassing F^o-ATPase) or by a decrease of the intramito- 
chondrial ATP level, stimulating secondarily the entry of 
protons through FiF 0 -ATPase [181. To differentiate between 
these two possibilities, oligomycin, an inhibitor of FjF 0 - 
ATPase, was added during state 4 in the presence of gluta- 
mate as substrate and amiodarone or analogues. Inhibition 
of FiF 0 -ATPase should prevent the observed increase in 
state 4 oxidation, if this were a result of mitochondrial 
consumption of ATP. However, oligomycin (final concen- 



tration 5 jxg/ml) did not prevent the stimulation of state 4 
oxygen consumption (basal value 14 ± 3 natoms/min per 
mg) by 10 jxmol/1 amiodarone (state 4 oxidation rates 
28 ± 4 vs. 30 ± 6 natoms/min per mg in the presence or 
absence of oligomycin, respectively), 10 ixmol/1 B0 
(23 ± 5 vs. 22 ± 3 natoms/min per mg) or by 10 u.mol/1 
B2 (53 ± 9 vs. 56 ± 8 natoms/min per mg). These findings 
indicate that the increase in state 4 respiration induced by 
amiodarone, B0 or B2 is due to uncoupling of oxidative 
phosphorylation, e.g. due to a protonophoric effect of 
these substances. 

Palmitoyl-CoA is metabolized by p-oxidation which 
yields NADH, FADH and acetyl-CoA. NADH is oxidized 
by complex I and FADH by the electron transferring flavo- 
protein (ETF)/ETF dehydrogenase. From complex 1 and 
ETF dehydrogenase the electrons are transferred to ubiqui- 
none, and from ubiquinone to complex III and IV (see Fig. 
2). Amiodarone stimulated metabolism of palmitoyl-CoA at 
low concentrations but inhibited state 3 oxidation rates and 
decreased the RCR at higher concentrations. B0 and B2 



632 M. Spaniol et al / Journal of Hepatology 35 (2001 ) 628--6J6 



Table 2 

Activities of mitochondrial oxidases 8 





NADH 




VJ UX UtJ U1I1U1 


Cytochrome c 


Control (no inhibitor) 


364 ± 38 


98 ±33 


546 ± 121 


460 ± 44 


Amiodarone (fxmol/1) 










10 


303 ± 78 


79 ± 41 


479 ± 96 


409 ± 47 


20 


294 ±27* 


90 ± 42 


510 ± 110 


391 ± 62 


50 


305 ± 61 


88 ±43 


504 ± 157 


418 ± 64 


100 


269 ± 27* 


84 ±41 


464 ± 157 


366 ± 38* 


B0 (pjnol/1) 










10 


221 ± 12** 


99 ± 37 


495 ± 148 


418 ± 33 


20 


153 ±18** 


95 ± 44 


475 ± 182 


458 ± 23 


50 


108 ± 10** 


73 ±41* 


370 ± 168* 


468 ± 23 


100 


65 ± 6** 


47 ± 19** 


300 ± 120** 


529 ±31 


B2 (|xmol/l) 










10 


268 ± 48** 


63 ± 24** 


510 ± 120 


441 ± 30 


20 


176 ± 16** 


38 ± 13** 


469 ±108 


487 ± 25 


50 


123 ± 42** 


19 ± 9** 


300 ± 40** 


591 ± 131 


lull 


66 ± 12** 




157 ± 40** 


791 ± 112** 


CI (jxmol/1) 










10 


337 ± 25 


88 ± 3 


537 ± 155 


430 ± 45 


20 


333 ± 20 


88 ± 14 


543 ± 174 


429 ± 45 


50 


337 ± 69 


98 ± 35 


534 ± 193 


435 ± 66 


100 


333 ± 50 


96 ± 27 


498 ±141 


409 ± 66 


D2 (^mol/l) 










10 


304 ± 16* 


100 ± 39.3 


503 ± 106.8 


426 ± 56 


20 


302 ± 33 


99 ± 34.2 


500 ± 69.3 


415 ±81 


50 


305 ± 12* 


101 ± 39.9 


518 ± 82.2 


445 ± 81 


100 


297 ± 3* 


89 ± 18.9 


513 ±75.7 


417 ± 34 



a Activities are expressed as natoms/miii/mg mitochondrial protein. The structure of the amiodarone analogues is given in Fig. 1. Data are given as mean ± 
SD of three individual mitochondrial preparations. *P < 0.05 vs. control; **P < 0.01 vs. control. 



showed a similar behavior, leading to an almost complete 
inhibition of state 3 oxidation at 100 jxmol/1. In contrast, CI 
and D2 had no toxic effects on mitochondrial metabolism up 
to 100 jjimol/l. 

In order to exclude the possibility that the observed inhi- 
bition of the state 3 oxidation rates was caused by inhibition 
of dehydrogenation of glutamate and/or ^-oxidation of 
palmitoyl-CoA, and to localize the inhibitory effects of 
amiodarone and analogues on the electron transport chain 
in more detail, the activity of the mitochondrial oxidases 
were studied. Mitochondrial oxidases are measured with 
broken mitochondria and the substrates used can therefore 
interact directly with the complexes of the electron transport 
chain. As shown in Table 2, amiodarone, and in particular 
B0 and B2 showed a strong concentration dependent inhibi- 
tion of NADH oxidase (which involves complex I, III and 
IV) and succinate oxidase (which involves complex II, III 
and IV). Duroquinol oxidase (involving complex III and IV) 
was significantly inhibited only by B2 and B0 (but not 
amiodarone), but to a lower degree than NADH or succinate 
oxidase. In contrast, cytochrome c oxidase was not inhibited 
by amiodarone or by any of the analogues. CI did not inhibit 



any of the mitochondrial oxidases (suggesting that the 
observed reduction of L-glutamate metabolism by CI was 
due to inhibition of glutamate dehydrogenase). D2 showed a 
slight inhibition of NADH but of none of the other oxidases, 
indicating that D2 is a weak inhibitor of complex I. 

In order to determine the effect of amiodarone, B0 and B2 
on complex I, II and III more precisely, these enzyme 
complexes were investigated individually using broken 
mitochondria. As shown in Table 3, amiodarone and both 
analogues inhibited complex I and II in a concentration- 
dependent way. Similar to the data in Tables 1 and 2, B2 
appeared to be a more potent inhibitor than amiodarone or 
B0. Regarding complex III, a significant inhibition was only 
found for B2 but not for amiodarone or B0. 

The results so far obtained show that amiodarone, B0 and 
B2 inhibit enzyme complexes of the electron transport chain 
and uncouple oxidative phosphorylation. Since amiodarone 
has been shown to inhibit mitochondrial (3-oxidation [6], we 
investigated the effect of amiodarone and analogues on 
mitochondrial p-oxidation and ketogenesis (Table 4). 
Amiodarone, B0 and B2 impaired the mitochondrial forma- 
tion of acid-soluble products, which reflects both, p-oxida- 
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Table 3 

Activities of enzyme complexes of the electron transport chain in 
isolated rat liver mitochondria* 



Complex I Complex II Complex III 



Control (no inhibitor) 


20.1 


± 


0.6 


8.2 


± 


2.5 


257 


± 


171 


Amiodarone ((xmol/1) 




















10 


13.6 


± 


6.7 


5.8 


± 


0.6 


257 


± 


48 


20 


12.4 


± 


4.7 


4.1 


± 


2.6* 


256 


± 


40 


50 


8.9 


± 


7.3* 


2.9 


± 


1.8** 


348 


± 


57 


80 


7.7 




6.4* 


2.3 




1.3** 


387 




142 


100 


6.9 


± 


5.4* 


2.3 


± 


1.9** 


234 




219 


B0 (|mmol/l) 




















10 


12.0 




6.7* 


7.1 


± 


0.5 


232 


± 


143 


20 


11.0 


± 


9.7 * 


5.9 




1.5 


278 


± 


52 


50 


13.9 


± 


5.5 


2.9 


-4- 


0.8** 


253 


± 


98 


80 


7.4 


± 


1.3** 


3.9 


± 


2.3** 


205 


± 


107 


100 


6.8 


± 


0.7** 


0.5 


± 


0.3** 


241 




75 


B2 (fxmol/1) 




















10 


18.0 




6.9 


13.9 


± 


1.7* 


209 




98 


20 


7.4 


± 


1.1** 


6.3 




4.7 


225 


± 


75 


50 


5.0 




6.4** 


0.8 


-+- 


LI* 


149 


± 


32* 


80 


5.6 


± 


4.5** 


0.0 


± 


0** 


160 




38* 


100 


3.1 


-4- 


2.5** 


0.0 


± 


0** 


139 


± 


16* 



a Activities of the enzyme complexes are expressed as mU/mg mitochon- 
drial protein. The structure of the amiodarone analogues is given in Fig. 1. 
Data are given as mean ± SD of three individual mitochondrial prepara- 
tions. *P < 0.05 vs. control; **P < 0.01 vs. control. 



tion and ketogenesis. Since the activity of the respiratory 
chain can be rate-limiting for mitochondrial fatty acid meta- 
bolism [19], acetoacetate was added to the incubations. 
Acetoacetate converts NADH to NAD by the action of p- 
hydroxybutyrate dehydrogenase (an enzyme of the mito- 
chondrial matrix) and thereby eliminates the indirect 
impairment of mitochondrial p-oxidation by inhibitors of 
the electron transport chain (such as amiodarone and analo- 
gues) [6]. Ketogenesis was inhibited weakly only by B0, but 
not by amiodarone or B2, indicating that the observed inhi- 
bition of the production of acid soluble products can be 
explained almost entirely by reduced p-oxidation. This 
was further investigated by measuring the activity of long- 
chain acyl-CoA dehydrogenase, the first enzyme of the 
mitochondrial p-oxidation cycle and an enzyme which 
can be rate limiting for this cycle [20]. This enzyme was 
inhibited by amiodarone, B0 and B2, showing directly that 
mitochondrial P-oxidation is impaired by amiodarone and 
analogues. In comparison, CI had no inhibitory effects on 
formation of acid soluble products and ketogenesis, whereas 
D2 inhibited the formation of acid soluble products only 
weakly but had no effect on ketogenesis. 



4. Discussion 

Our study shows that amiodarone, B0 and B2 are uncou- 



ples of oxidative phosphorylation, inhibit various enzyme 
complexes of the electron transport chain and also mito- 
chondrial p-oxidation. The essential structure associated 
with mitochondrial toxicity appears to be the benzofuran 
ring, whereas the presence of iodine is not essential for 
mitochondrial toxicity of amiodarone and analogues. 

As shown in Table 1, amiodarone, B0 and B2 are more 
potent as uncouplers than as inhibitors of enzyme 
complexes of the respiratory chain. The protonophoric 
effect of amiodarone has been explained by protonation of 
the tertiary amine in the intermembranaceous space (space 
between outer and inner membrane of mitochondria), trans- 
port of the resulting quartemary amine across the inner 
mitochondrial membrane, deprotonation in the mitochon- 
drial matrix and diffusion of amiodarone back to the inter- 
membranaceous space [18]. The uncoupling mechanism 
must obviously be different for B0 and B2, since neither 
of these molecules contains a nitrogen which can be proto- 
nated. These molecules are lipophilic and can therefore 
diffuse across the inner mitochondrial membrane. They 
are weak acids (hydroxyl group at the benzene ring), and 
can therefore be deprotonated in the basic milieu of the 
mitochondrial matrix. By both mechanisms, protons are 
transported into the mitochondrial matrix by bypassing the 
F)F 0 -ATPase. Interestingly, D2 and CI had no uncoupling 
effect despite they also contain a tertiary amine (D2), a 
carboxyl group (D2 and CI) or a hydroxyl group attached 
to a benzene ring (CI). Not only the functional groups but 
also other properties such as e.g. lipophilicity, K z and/or K b 
values, which were not investigated in the current studies, 
may therefore be important for the uncoupling capacity of a 
molecule. 

Beside their uncoupling effect, amiodarone inhibits 
complex I and II, and B0 and B2 complex I, II and also 
weakly complex III. In contrast, complex IV was not signif- 
icantly inhibited by any of the substances. Since ubiquinone 
is the electron acceptor of both, complex I and II and trans- 
fers the electrons to complex III (see Fig. 2), it is possible 
that amiodarone and analogues interfere somehow with the 
electron transport between complexes I or II and complex 
III. The observed reduction in the activities of the individual 
enzyme complexes (see Table 3) does not exclude this 
possibility, since ubiquinones act as electron acceptors 
(assay for complex I) or as electron transmitters (assay for 
complex II) in the enzyme assays used. 

Besides their effect on the respiratory chain, amiodarone, 
B0 and B2 inhibit mitochondrial p-oxidation independently. 
Since the activity of the electron transport chain can be rate- 
limiting for mitochondrial fatty acid metabolism [19], it was 
important to eliminate the possibility that the observed inhi- 
bition of p-oxidation is secondary to impaired function of 
the electron transport chain by amiodarone, B2 or B0, by 
including acetoacetate into the incubations. Since ketogen- 
esis was not (amiodarone, BO) or only weakly inhibited 
(B2), we could show convincingly that amiodarone and 
analogues inhibit the P-oxidation cycle directly. This notion 
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Table 4 

Influence of amiodarone and analogues on mitochondrial ^-oxidation and ketogenesis* 





p UA1 vlii 1 1 \j\ 1 


Palmitoyl-OoA dehydrogenase 


ivetogenesis 


Control (no inhibitor) 


0.66 ± 0.23 


36.2 ± 3.1 


14.0 ± 0.9 


Amiodarone (fimolA) 








10 


0.50 ± 0.06 


32.6 ± 1.2 


12.1 ± 10.3 


20 


0.44 ± 0. 10* 


24.8 ± 3.2** 


13.5 ± 7,1 


50 


0.03 ± 0.03** 


13.1 ± 1.9** 


10.0 ± 19,3 


80 


0.03 ± 0.02** 


15.3 ± 1.0** 


14.4 ± 12.4 


100 


0.03 ± 0.02** 


21.8 ± 1.4** 


9.9 ± 6.2 


BO (jxmol/1) 








10 


0.95 ± 0.11** 


36.2 ± 9.2 


10.9 ± 1.6 


20 


0.72 ± 0.05 


28.8 ± 3.1* 


13.6 ± 3.0 


50 


0.03 ± 0.0 1** 


27.0 ± 6.7* 


6.9 ± 3.0* 


80 


0.02 ± 0.01** 


21.7 ± 2.6** 


13.2 ± 2.1 


100 


0.02 ± 0.01** 


11.6 ± 1.1** 


8.0 ± 3.2* 


B2 (fxmol/1) 








10 


0.67 ± 0.11 


34.7 ± 7.1 


17.1 ± 4.6 


20 


0.70 ± 0.09 


26.1 ± 3.2* 


14.7 ± 4.8 


50 


0.63 ± 0.43 


15.4 ± 7.2** 


14.3 ± 4.8 


80 


0.03 ± 0.02** 


12.4 ± 4.4** 


12.8 ± 2.4 


100 


0.02 ± 0.02** 


12.2 ± 4.0** 


1L2 ± 2.2 


CI (u,mo1/l) 








10 


0.73 ± 0.37 




20.5 ±3.1* 


20 


0.68 ± 0.36 




19.1 ± 5.4 


50 


0.71 ± 0.37 




17.4 ± 4.6 


80 


0.70 ± 0.39 




13.4 ± 3.4 


100 


0.68 ± 0.33 




18.5 ± 3.0 


D2 (u.mol/1) 








10 


0.63 ± 0.20 




12.2 ± 6.5 


20 


0.60 ± 0.25 




11.9 ± 8.6 


50 


0.62 ± 0.23 




10.9 ± 5.4 


80 


0.56 ± 0.26 




11.4 ± 8.7 


100 


0.51 ± 0.01* 




14.7 ± 5.7 



a Metabolic and enzyme activities are given as nmol/min/mg mitchondrial protein. The structure of the amiodarone analogues is given in Fig. 1 . Data are 
given as mean ± SD of three individual mitochondrial preparations. *P < 0.05 vs. no inhibitor; **P < 0.01 vs. no inhibitor. 



is further supported by the inhibitory effect of amiodarone, 
B2 and B0 on the activity of long-chain acyl-CoA dehydro- 
genase. This effect can explain microvesicular hepatic stea- 
tosis associated with amiodarone, which is a well 
established consequence of drugs or toxins impairing mito- 
chondrial p-oxidation [21,22]. 

Concerning the chemical structures of the molecules 
investigated, it is clear that iodination is not essential for 
mitochondrial toxicity of amiodarone and B2, since B0 
contains no iodine. Regarding uncoupling of oxidative phos- 
phorylation and inhibition of the respiratory chain, B2 
appears to be a more potent toxin than B0, however, suggest- 
ing that iodination of the benzene ring in the amiodarone 
molecule may enhance toxicity on the mitochondrial respira- 
tory chain. Since CI and D2 caused no significant impair- 
ment of mitochondrial functions, the diethylaminoethoxy 
group and the benzene ring are not essential for mitochon- 
drial toxicity of amiodarone and analogues. The common 



structure of amiodarone, B0 and B2 is the benzofuran ring 
structure, which therefore can be considered to be responsi- 
ble for mitochondrial toxicity of amiodarone. This notion is 
supported by the fact that benzarone and benzbromarone, 
two drugs containing a benzofuran ring structure (see Fig. 
1), can cause serious hepatic injury. Benzarone, used for the 
treatment of peripheral venous disorders, can cause chronic 
active hepatitis [23], in some patients with a fatal outcome 
[24]. Benzbromarone, an uricosuric agent whose structure 
differs from benzarone only by two additional brom atoms 
at the benzofuran ring, is also known to cause hepatic injury 
with possible fatal outcome [25], In support of our hypothesis 
that the benzofuran ring mediates mitochondrial toxicity of 
these molecules, benzbromarone has been shown to inhibit 
several enzyme complexes of the electron transport chain in 
isolated rat liver mitochondria [26]. 

In conclusion, the benzofuran group appears to be the 
responsible for mitochondrial toxicity of amiodarone and 



M, Spaniol et al /Journal of Hepatology 35 (2001) 628-636 



635 



Cytoplasm 
outer 



Mitochondrial 
membrane 



mner 




NADmW HAD* succinate Fumarme H * +% °* **° Wt * 1 ATP "* &P ° rt 

Matrix Paimttoyl-CoA 

^Oxidation I * NADH, FADH 



Acetyl-CoA 



Ketone bodies 



Krebs cycle 



Fig. 2. Mitochondrial (3 -oxidation and function of the respiratory chain. The respiratory chain consists of 4 enzyme complexes {complexes I-IV) which 
transport electrons from NADH, succinate or FADH to oxygen, leading to the production of water. Ubiquinone and cytochrome c are electron shuttles 
which transport electrons between complexes I or II and III. and complexes III and IV, respectively. Complexes I, HI and IV transport protons from 
the mitochondrial matrix into the intermembranaceous space, leading to a proton gradient across the inner mitochondrial membrane. Protons flow 
back into the mitochondrial matrix by FjF„-ATPase, leading to the production of ATP from ADP. Uncouplers of the respiratory chain enable protons 
to flow back to the mitochondrial matrix without passing across F^o-ATPase. Long-chain fatty acids are metabolized within mitochondria by B- 
oxidation which includes the action of the 4 enzymes acyl-CoA dehydrogenase, enoyl-CoA hydratase, fi-hydroxy-acyl-CoA dehydrogenase and 0- 
ketothiolase, and results in the production of acetyl-CoA, FADH and NADH. FADH and NADH are metabolized by the respiratory chain and most 
acetyl-CoA is converted to ketone bodies in liver mitochondria. 



analogues. Taking into account reports from other drugs 
containing a bezofuran group, there are reasons to assume 
that this part of the amiodarone molecule represents the 
essential structure causing mitochondrial damage and possi- 
bly also liver injury in humans. 
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Quaglino, Daniela, Huy Riem Ha, Elena Duner, Daniela Brut- 
tomesso, Laurent Bigler, Ferenc Follath, Giuseppe Realdi, An- 
drea Pettenazzo, and Aldo Baritussio. Effects of metabolites and 
analogs of amiodarone on alveolar macrophages: structure-activity 
relationship. Am J Physiol Lung Cell Mol Physiol 287: L438--L447, 
2004. First published April 9, 2004; 10.1 1 5 2/ajplung. 00434.2003. — 
Amiodarone, an antiarrhythmic drug toxic toward the lung, is metab- 
olized through sequential modifications of the diethylaminoethoxy 
group to mono-A^-desethylamiodarone (MDEA), di-A r -desethylamio- 
darone (DDE A), and amiodarone-EtOH (B2-OEtOH), whose effects 
on lung cells are unclear. To clarify this, we exposed rabbit alveolar 
macrophages to analogs with different modifications of the diethyl- 
aminoethoxy group and then searched for biochemical signs of cell 
damage, formation of vacuoles and inclusion bodies, and interference 
with the degradation of surfactant protein A, used as a tracer of the 
endocytic pathway. The substances studied included MDEA, DDEA, 
and B2-0-EtOH, analogs with different modifications of the diethyl- 
aminoethoxy group, fragments of the amiodarone molecule, and the 
antian^hythmic agents dronedarone (SR-33589) and KB-130015. We 
found the following: 1) MDEA, DDE A, and B2-0-EtOH rank in order 
of decreasing toxicity toward alveolar macrophages, indicating that 
dealkylation and deamination of the diethylaminoethoxy group rep- 
resent important mechanisms of detoxification; 2) dronedarone has 
greater, and KB-130015 has smaller, toxicity than amiodarone toward 
alveolar macrophages; and 3) the benzofuran moiety, which is toxic to 
liver cells, is not directly toxic toward alveolar macrophages. 

dronedarone; KB-130015 

amiodarone (Fig. 1) is a class 111 antiarrhythmic agent used 
extensively to treat ventricular and supraventricular arrhyth- 
mias and to prevent atrial fibrillation in patients undergoing 
cardiac surgery (16). 

Despite recognized efficacy and wide use, amiodarone poses 
problems to clinicians because of its peculiar pharmacokinetics 
and toxicity. After absorption, amiodarone leaves the serum 
compartment with a half-life of 10-20 h and accumulates in 
peripheral tissues to very high levels, so that when the dosing 
rate is reduced or halted, the accumulated amiodarone moves 
back into serum, resulting in a long terminal elimination 
half- life (18). The tissues where amiodarone accumulates most, 
include adipose tissue, liver, skeletal muscle, lung, pancreas, 
thyroid gland, kidney, heart, skin, adrenal glands, testis, and 
lymph nodes. In the liver and other tissues, amiodarone under- 
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goes dealkylation to mono-A'-desethylamiodarone (MDEA), a 
derivative with antiaiThythmic activity, propensity to accumu- 
late into tissues, and a half-life similar to those of the parent 
drug but with greater toxicity (18). MDEA can be further 
transformed by dealkylation to di-A/-desethyIarniodarone 
(DDE A), by deamination to amiodarone-EtOH (B2-G-EtOH), 
and by hydroxy] ation to n-3' -hydroxy buty l-A/-desethylamioda- 
rone, whose biological effects are presently unknown (unpub- 
lished observations). Further degradation of these compounds 
probably occurs, since several studies have reported an in- 
creased excretion of free iodine during amiodarone therapy 
(18). Several P450 cytochromes, such as 3A4, 2D6, 1A1 7 and 
1A2, are involved in amiodarone degradation (17). 

Amiodarone metabolites MDEA, DDEA, and 82-O-EtOH 
are formed in vivo through sequential modifications of the 
diethylaminoethoxy group, but the relevance of these changes 
to lung cells is unclear. In this paper, to clarify this point, we 
exposed rabbit alveolar macrophages to analogs of amiodarone 
with different modifications of the diethylaminoethoxy group 
(Fig. 2) and then searched for biochemical signs of cell dam- 
age, changes in morphology, and interference with uptake and 
degradation of surfactant protein A (SP-A), used as a tracer of 
the endocytic pathway (4). The substances studied included 
known metabolites of amiodarone, such as MDEA, DDEA. 
and B2-0-EtOH, analogs with different modifications of the 
diethylaminoethoxy group, fragments of the amiodarone mol- 
ecule, and derivatives with proven antiarrhythmic activity, 
such as dronedarone (SR-33589) and KB-T30015 (7, 21). The 
effect of dronedarone and KB-130015 on the degradation of 
SP-A was studied in vivo as well, by administering them 
through the trachea to 3 -day-old rabbits together with labeled 
SP-A and then following the disappearance of label from the 
airways and from the lungs. 

MATERIALS AND METHODS 

These experiments were approved by the local committee on the 
handling of laboratory animals. 

Materials. All reagents were of analytical grade. Sodium i25 T was 
from Amersham Pharmacia Biotech (Little Chalfont, UK). 

Drugs. AiYiiodarone • hydrochloride was from Sigma. MDEA -hydro- 
chloride [2-n-Butyl-3-(3,5-diiodo-4-ethylarmnc>emoxybenzoyl)-benzo- 
furan] was a gift from Sanofi (Munchenslein, Switzerland). KB-130015 
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Fig. 1. Structure of amiodarone: benzofuran moiety with butyl lateral group 
(A\ diiodobenzoyl moiety (B), and dicthylamino-p-ethoxy moiety with tertiary 
nitrogen (C). 



was a gift from Dr. Bo Carlsson (Caro Bio, Novum, Huddinge, Sweden). 
Dronedarone (SR-33589) was a gift from Sanofi-Synthelabo (Chilly- 
Mazarin Cedex, France). Me AMI {(2-butyl-benzofuran-3-yl)-4-[2-(di- 
memylamino-emoxy)-3,5-diiodophenyl]-methanone} , DDEA {(2-butyl- 
benzofuran-3-yl)-4[2-(aminoethoxy)-3,5-diiodophenyl]-methanone- 
hydrochloride } , B2-0- AcOH [2-n-buty l-3-(3 ,5-diiodo-4-carboxyme- 
thoxy benzoy l)benzofuran j , B2-G-EtOH, B2-0-Et { (2-butyl~benzofnran- 
3-yl)~(4~ethoxy~3.5-diiodophenyl)-methanone } , B2 [(2-butyl-benzo- 
furan-3-yl)-(4-hydroxy-3,5-diiodophenyl)-methanone] s D2 
[4-(2-diethylaminoethoxy)-3,5-diiodobenzoic acid], and DIB-O-A (4- 
carboxymethoxy-3,5-dnodobenzoic acid) were synthesized in the Car- 
diovascular Therapy Research Labor atory of the Zurich University 
Hospital (13). The chemical structure of newly synthesized com- 
pounds was confirmed by UV, liquid chromatography-electrospray 
ionization mass spectroscopy/mass spectroscopy, and nuclear mag- 
netic resonance OH and i3 C) spectroscopies. Purity was >98%. A 
detailed description of the synthesis and analytical data supporting the 
chemical structure of compounds used here will be published else- 
where, Drugs were prepared as 50 mM stock solutions in DMSO and 
stored at 26°C. Drugs were added to ceils in 1 jjiI of DMSO/mL No 
endotoxin could be detected into these solutions using the Limulus 
amebocyte lysate (Bio- Whittaker, Cambrex, Walkers ville, MD; low- 
est limit of detection 0.06 endotoxin units/ml). 

Measurement of drug lipophilicity. Lipophilicity was estimated as 
described by Zamora et al. (22) with minor modifications. Briefly, 
HPLC -grade 1-octanol (Sigma) was presaturated with 0.1 M PBS, pH 
7.2. and conversely, PBS was presaturated with 1 -octanol. Drugs were 
then dissolved in PBS at a final concentration of 1 X 10 4 M, an equal 
volume of 1-octanol was added, and the tubes were continuously 
inverted for 15 min. Drug concentrations in the aqueous and octanol 
phases were assessed by measuring the absorbance at the most 
convenient wavelength, as determined from the UV spectra. The 
partition coefficient D was calculated by dividing the absorbance in 
1-octanol by the absorbance in PBS. Log i0 D was used as a measure 
of lipophilicity (Fig. 2). 

Cells. Alveolar macrophages, obtained by washing the airways of 
adult rabbits with 145 mM NaCL 5 mM KC1, 2.5 mM Na 2 HP0 4j 2 
mM HEPES, 6 mM glucose, and 0.2 mM EGTA, pH 7.4, were 
washed two times with Ringer buffer (145 mM NaCL 5 mM KC1, 2 
mM Na 2 HP0 4 , 1 mM MgCl 2 , 2 mM HEPES, 10 mM glucose, pH 
7.4), suspended in Ringer buffer plus 1 mg/ml of BSA (RBA), and 
used immediately. The cells were >90% macrophages (May-Grun- 
wald-Giemsa staining) and 95 ± 1% viable (means ± SE, n — 47) as 
determined by trypan blue exclusion. 

Effect of drugs on trypan blue exclusion and on release of lactate 
dehydrogenase by alveolar macrophages. Macrophages (10 6 cells in 1 ml 
of RBA) were incubated for 1 h at 37°C with amiodarone or amiodarone 
analogs, added in 1 u.1 of DMSO. At the end, a small aliquot was used to 
study trypan blue exclusion, whereas the remaining cells were sedi- 
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Fig. 2. Amiodarone analogs. Log D = Log 10 (absorbance of 1-octanol phase/ 
absorbance of water phase), average of 3 determinations. MDEA, mono-.V- 
desethylamiodarone; DDEA, di-A L desethylamiodarone. See materials and 
methods for description of abbreviated compounds. 
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merited at 3,000 rpm, and lactate dehydrogenase (LDH) released in 50 pi 
of the supernatant was measured with a commercial kit (CytoTox 96, 
Promega). LDH released is presented as % of the LDH liberated from the 
same cells in the presence of 0,9% Triton X-100 and is compared with 
LDH released from cells exposed to plain DMSO (control macrophages). 
Under the present conditions, control macrophages released 2.4 ± 0.7% 
of total LDH per hour (means ± SE), n = 6. 

Effect of amiodarone and amiodarcme analogs on alveolar macro- 
phage morphology. Macrophages in RBA plus 50 units/ml of peni- 
cillin and 50 jxg/ml of streptomycin were allowed to adhere for 2 h to 
six-well Falcon plates (Becton Dickinson Labware Europe, Meylam 
France; 2 X 10 6 cells/plate) and were then cultured for 24 h at 37°C> 
5% C0 2 , in the presence of DMSO (1 fxl/mk control ceils), 10 \sM 
amiodarone, or 10 u-M amiodarone analogs. At the end, adhering cells 
were washed with Tyrode buffer, pH 7.3, scraped, and centrifuged at 
10,000 g. The resulting pellets were fixed overnight with 2.5% 
glutaraldehyde in Tyrode buffer, postfixed for 2 h in 1% osmium 
tetroxide, dehydrated, and embedded in Spurr resin. Semithin sections 
obtained through the whole thickness of the pellets were stained with 
toluidine blue and observed with a Zeiss Axiophot light microscope. 
Ultrathin sections were stained with uranyl acetate and lead citrate and 
observed with a Jeol 1200 EXGII electron microscope. 

Morphometry was performed on 10 electron micrographs of each 
experimental condition randomly taken at X 4,000 magnification and 
then photographically enlarged to X 10,000 magnification to appreci- 
ate the details of at least 2-3 cells/micrograph. A total number of 25 
cells in each experimental condition were counted. By means of a 
ruler inserted within an optical magnifier, we measured the surface 
area covered by the whole cell and by vacuoles or cytoplasmic 
inclusions (i.e., electron-dense structures containing amorphous 
and/or multilamellar membranes, not surrounded by any type of 
membrane). All organelles that were detectable in the section of each 
of the randomly selected cells were analyzed. Results are expressed as 
% of the surface area covered by different organelles in relation to the 
surface area covered by the whole cytoplasm. 

Preparation and labeling of SP-A. SP-A was isolated from the 
surfactant obtained from a patient with alveolar proteinosis and 
labeled with sodium l25 I as described (4). l25 I-SP-A had a specific 
activity of 400-600 cpm/ng, migrated as expected during poly aery 1- 
amide gel electrophoresis, and was >99% precipitable with 20% cold 
TCA. 125 I-SP-A was stored at 4°C and used within a month. 

Effect of amiodarone and amiodarone analogs on the degradation 
of l25 l-SP-A by alveolar macrophages. Alveolar macrophages (10 6 
cells in 1 ml of RBA) were incubated for 1 h at 37°C in the presence 
of different drugs added in 1 |xl of DMSO (final drug concentration 
0-50 u.M). One microgram of i25 LSP-A was then added, and the 
incubation was continued for one further hour. At the end, the 
radioactivity soluble in 20% cold TCA was measured in medium plus 
cells. Degradation of SP-A is presented as % of the degradation of 
SP-A measured in control cells. Under the present conditions, control 
cells degraded 46 ± 7 ng of SP-A/10 6 cells/hour (means ± SE, n = 30). 

Effect of amiodarone, dronedarone, and KB- 13001 5 on the clear- 
ance of 125 I-SP-A administered into trachea. Sedimentable surfactant 
{fraction B of Ref. 3) freshly obtained from 3-day-old rabbits was 
suspended in saline, mixed with l25 LSP-A, and then combined with 
amiodarone, dronedarone, KB- 13001 5, or plain DMSO to make four 
different mixtures. Two hundred microliters of each mixture con- 
tained: 1 fxg of 125 I~SP-A, 5% of the alveolar pool of phospholipids 
normally found in 3-day-old rabbits, 250 nmol of one of the drugs in 
5 \l\ of" DMSO, or 5 \xl of plain DMSO (controls). Surfactant was 
added to the mixtures to prevent nonspecific binding of SP-A to vials 
or tubing. 

Two hundred microliters of the mixtures were instilled to 3-day-old 
rabbits (10 rabbits per mixture) by puncturing the trachea after exposing 
it under local anesthesia. The animals were killed after 3 h with an excess 
of pentobarbital sodium in the peritoneum, and the airways were lavaged 
four times with 4-5 ml of 0.9% normal saline. The lavage fluid was used 
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to count cells, to estimate cell viability by trypan blue exclusion, and to 
measure total and TCA-soluble radioactivity. An aliquot of it was 
centrifuged for 5 min at 500 g, and the supernatant was used to measure 
proteins and LDH. The washed lungs were homogenized in cold saline, 
and the radioactivity of the homogenate, total and TCA-soluble, was 
measured. The radioactivity recovered from lavage fluid and homogenate 
was expressed as % of the dose instilled. 

The animals were killed 3 h after instillation because, after this time 
interval, administered SP-A is evenly distributed between alveoli and 
parenchyma and the lung retains enough radioactivity for counting 
(4). The" dose of 250 nmol was chosen because we previously found 
that 250 nmol of amiodarone instilled into trachea interfere with the 
clearance of SP-A without clear damage to the lungs (4). 

Statistical analysis. Data are expressed as means ± SE. Differences 
between groups were analyzed by ANOVA using the Student-New- 
man-Keuls test as the post hoc test for data normally distributed and 
Dunn's test for data not normally distributed. The level of significance 
accepted was 5%. 
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Fig, 3. Effect of analogs of amiodarone on the viability of alveolar macro- 
phages evaluated by trypan blue exclusion. A; amiodarone analogs containing 
an amine function. B: other analogs. Data are means ± SE, n =■ 4- 6. 
* Different from, amiodarone at the same concentration by ANOVA. 
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RESULTS 

Signs of cell damage. Amiodarone had no effect on trypan 
blue exclusion up to a concentration of 20 uJVl. MDEA and 
DDEA were more powerful than amiodarone, exhibiting a 
significant inhibition at a concentration of 20 jxM (Fig. 3). 
Dronedarone and MeAMI had an effect similar to that of 
amiodarone, B2, B2-0-Et, B2-OEtOH, B2-0-AcOH, and KB- 
130015 had no effect on trypan blue exclusion up to a concen- 
tration of 50 pM (Fig. 3). Analogs lacking the benzofuran 
group, like the hydrosoluble compounds D2 and DIB-O-A, had 
no effect on trypan blue exclusion up to a concentration of 50 
|jlM (not shown). 

Thus, considering amiodarone metabolites, it appears that 
MDEA and DDEA are more toxic than amiodarone, whereas 
B2-0-EtOH has no effect on trypan blue exclusion. Consider- 
ing all substances studied, it appears that only analogs with an 
amine function and ranking at the top of the hydrophobicity 
scale (MDEA, DDEA, MeAMI, and dronedarone) interfere 
with trypan blue exclusion (Figs. 2 and 3). The finding that the 
hydrophilic analog D2, which lacks the benzofuran moiety but 
retains a complete diethylaminoethoxy group, had no effect on 
trypan blue exclusion, suggests that a certain degree of hydro- 
phobicity is required to affect trypan blue exclusion. 

Incubation with 1-50 jjlM amiodarone had a modest effect 
on the release of LDH by alveolar macrophages, whereas 
MDEA, DDEA, and dronedarone induced a dramatic increase 
(Fig. 4). MeAMI also increased the release of LDH, but the 
change was not significant (Fig. 4). B2, B2-OEt, B2-0~EtOH, 
B2-0-AcOH, and KB-130015 did not increase the release of 
LDH by alveolar macrophages (Fig. 4). These results reinforce 
the concept that 1) amiodarone metabolism generates deriva- 
tives with diverse toxicity toward alveolar macrophages, some 
being more (MDEA and DDEA) and some being less (B2-0- 
EtOH) toxic than the parent compound and 2) dronedarone is 
more, and KB-130015 is less, toxic than amiodarone toward 
alveolar macrophages. Furthermore, because the uptake of 



trypan blue and the release of LDH are both due to damage to 
the plasma membrane (15), it appears that the uptake of trypan 
blue is a more sensitive index of damage. 

Macrophage morphology. As expected (4), exposure to 
amiodarone had profound effects on macrophages by increas- 
ing four times the area covered by inclusion bodies and by >27 
times the area covered by vacuoles (Figs. 5-7). 

Considering the formation of inclusion bodies, MDEA and 
dronedarone increased significantly the surface area covered by 
inclusion bodies (Figs. 5-7). DDEA and B2-0-EtOH did not 
induce significant changes with respect to control cells, but 
B2-OEtOH caused the formation of less inclusion bodies than 
DDEA. (Figs. 5-7). Thus, amiodarone, MDEA, DDEA, and 
B2~0-EtOH have a progressively smaller ability to induce the 
formation of inclusion bodies. 

Considering the formation of vacuoles, dronedarone had the 
strongest effect among the substances tested, increasing the 
surface area by >37 times. Besides dronedarone, amiodarone 
metabolites also had a significant effect on the formation of 
vacuoles but showed dramatic differences in potency. In fact, 
the ability to induce the formation of vesicles appears to rank 
in the following order: amiodarone > MDEA ^> DDEA > 
B2-0-EtOH (all significantly different from each other by 
ANOVA) (Fig. 7). Interestingly, some analogs that had no 
effect on trypan blue exclusion and release of LDH, like 
B2-OEt and KB-130015, caused a small but significant in- 
crease of the area covered by vesicles (Fig. 7). 

Degradation ofSP-A by alveolar macrophages. Amiodarone 
inhibited the degradation of SP-A by alveolar macrophages, 
the effect starting to be significant at a concentration of 10 fxM 
(P < 0.05, ANOVA) (Fig. 8). MDEA, DDEA, MeAMI, and 
dronedarone inhibited the degradation of SP-A to the same 
extent of amiodarone (Fig. 8). B2-0~EtOH, B2-G-AcOH, and 
KB-130015 also inhibited the degradation of SP-A but did so 
to a lesser extent and without producing the clear sigmoid 
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Fig. 4. Effect of" analogs of amiodarone on re- 
lease of lactate dehydrogenase (LDH) by alveolar 
macrophages. Analogs are in order of decreasing 
hydrophobicity from top to bottom. Data 
(means ± SE) represent % of cell LDH released 
per hour, after subtraction of LDH released by 
control cells. N = 6. "Different from amiodarone 
at the same concentration by ANOVA (P < 0.05). 
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curve characteristic of the inhibition due to amiodarone (Fig. 
8). B2, B2-0-Et, D2, and DIB-O-A had no effect on the 
degradation of SP-A up to a concentration of 50 jxM (Fig. 8, 
DIB-O-A not shown). Thus it appears that analogs containing 
an amine function and ranking at the top of the hydrophobicity 
scale (MDEA, DDEA, MeAMI, and dronedarone) have the 
greatest ability of inhibiting the degradation of SP-A. Analogs 
in which the diethylaminoethoxy group was substituted by an 
ethoxy or an acethoxy group retained some, albeit smaller, 



inhibitory activity, whereas the substitution of the diethylami- 
noethoxy group with a hydroxy or an ethyl group abrogated 
completely the ability to inhibit the degradation of SP- A. These 
results are compatible with the view that the tertiary nitrogen of 
amiodarone may play a role in the inhibition of the degradation 
of SP-A by alveolar macrophages, provided the molecule 
reaches a certain degree of hydrophobicity. In fact, the hydro- 
philic compound D2, which contains an intact diethylaminoe- 
thoxy group, had no effect on the degradation of SP-A (Fig. 8). 
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Fig. 7, Effect, of amiodarone metabolites and 
analogs on the surface area covered by inclu- 
sion bodies (A) and vacuoles (B). Compounds 
arranged in order of increasing hydrophobic- 
ity from left to right. Filled columns represent 
amiodarone and amiodarone metabolites. 
Data are means ± SE. Tn A, * different from 
control, # different from DDEA (ANOVA). 
In B, * different from control, # different from 
amiodarone, O, different from MDEA, a, dif- 
ferent from DDEA (ANOVA). 
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Uptake and degradation of SP-A administered through the 
airways. In controi animals, 3 h after the tracheal instillation of 
l25 l-SP-A, the total radioactivity was evenly distributed be- 
tween airways and lung tissue, and degradation products were 
present, especially in the airways (Figs. 9 and 10). Amiodarone 
inhibited the degradation of SP-A after the uptake, with the 
consequence that less degradation products were formed and 
nondegraded SP-A accumulated into lung tissue (Figs. 9 and 
10). Dronedarone had an effect comparable with that of ami- 
odarone, causing the accumulation of large amounts of nonde- 
graded SP-A into lung tissue (Figs. 9 and 10). KB- 1300 15 had 
a much smaller effect, causing a small accumulation of non- 
degraded SP-A in lung tissue (Figs. 9 and 10). 



DISCUSSION 

MDEA, DDEA, and B2-OEtOH are metabolites of amio- 
darone of decreasing hydrophobicity produced by sequential 
modifications of the di eth y 1 ami noethox y group (Fig. 2). Al- 
though the toxicity of MDEA is known in part (5), the effects 
of DDEA and B2~0~EtOH have never been studied. 

We found that the toxicity of MDEA toward alveolar mac- 
rophages is greater than that of amiodarone according to trypan 
blue exclusion and the release of LDH. On the other hand, the 
toxicity of MDEA is similar to that of amiodarone, considering 
the effects on the degradation of SP-A and the formation of* 
inclusion bodies, and is smaller than that of amiodarone, if one 
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Fig, 8. Effect of analogs of amiodarone on the degradation of surfactant 
protein A (SP-A) by rabbit alveolar macrophages. A: amiodarone metabolites 
and analogs containing an amine function. B: other metabolites and analogs. 
Data are % of vSP-A degraded by control cells (means ± SE); n — 3-7. 
^Greater, ^smaller than amiodarone at same concentration by ANOVA. 



looks at the formation of vacuoles. Deethylation of MDEA to 
DDEA dramatically decreases the ability to cause the forma- 
tion of vacuoles in the cytoplasm of alveolar macrophages, 
whereas the rest of the toxicity profile remains unchanged. 
Deamination of DDEA reduces the toxicity further, since the 
resulting metabolite (B2-0-EtOH) has no effect on trypan blue 
exclusion and the release of LDH r has modest effects on 
morphology, and retains some ability to inhibit the degradation 
of SP-A. In addition to an improvement of the toxicity profile, 
the deamination of DDEA could have a further positive effect 
by influencing pharmacokinetics, since the plasma of patients 
receiving amiodarone contains measurable amounts of MDEA 
and DDEA, whereas B2-G-EtOH remains under the limit of 
detection, possibly because it is quickly eliminated by conju- 
gation (unpublished observations). Thus MDEA, DDEA, and 
B2~0-EtOH rank in order of decreasing toxicity toward alve- 
olar macrophages, indicating that dealkylation and deamina- 
tion of the diethyl ami noethoxy group are important steps in the 
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Fig. 9. Effect of amiodarone, dronedarone, and KB- 130015 on the clearance 
of 125 I-SP-A administered into trachea. Drugs (250 nmol) were mixed with 
,25 I-vSP-A and then instilled into trachea of 3-day-old rabbits that were killed 
after 3 h. Shown is the distribution of total radioactivity in lung lavage fluid 
(BAL), lung homogenate, and total lung. Data are means ± SE. N = 14 for 
amiodarone, 4 for dronedarone, and 10 for KB-130015. ^Different from 
control in the same compartment (ANOVA). 



biotransformation of amiodarone. The crucial role of this 
lateral group in the toxicity toward macrophages also emerges 
from the study of analogs. In fact, the deletion of the diethyl- 
aminoethoxy group of amiodarone generates B2, an analog 
devoid of all toxic effects considered in this study. Because B2 
contains the diiodobenzoyl moiety and the benzofuran moiety 
with its associated butyl group (Figs. 1 and 2), it appears that 
these parts of the amiodarone molecule play no direct role in 
the toxicity toward alveolar macrophages. This finding con- 
trasts sharply with the results of studies exploring the mecha- 
nism of amiodarone toxicity toward the liver (19). Those 
experiments showed unambiguously that the benzofuran moi- 
ety is responsible for liver toxicity, suggesting that different 
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Fig. 1.0. Effect of amiodarone, dronedarone, and KB-130015 on the distribu- 
tion of TCA-soluble radioactivity in BAL, lung homogenate, and total lung 
after administration of i25 I-SP-A into trachea. Data are means ± SE. N — 10 
for amiodarone, 4 for dronedarone, and 10 tor KB-130015. * Different from 
control in the same compartment (ANOVA). 
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parts of the amiodarone molecule could be toxic toward spe- 
cific cell types. 

Amiodarone interferes with various cell functions and struc- 
tures, such as late steps of endocytosis (4), the catabolism of 
proteins and lipids (4, 14), mitochondrial integrity and energy 
metabolism (13), calcium homeostasis (8, 12), ion pumps (11), 
and the distribution of receptors among different cell compart- 
ments (6, 20). From the evidence presented here, it appears that 
amiodarone metabolites may also have a plethora of effects 
since they impair the integrity of the plasma membrane, inter- 
fere with the degradation of SP-A, which normally is taken up 
by macrophages and degraded into lysosomes (4). and impact 
on the turnover of cell organelles, as indicated by the accumu- 
lation of vesicles and multilamellar inclusion bodies. 

The nitrogen of the diethylaminoethoxy group appears to 
play an important role in toxicity toward alveolar macrophages 
because analogs and metabolites containing it rank at the top of 
the toxicity scale (amiodarone, MDEA, DDE A. MeAMI, 
dronedarone) and because its removal during amiodarone me- 
tabolism dramatically decreases adverse effects toward macro- 
phages. The presence of a tertiary nitrogen is typical of lyso- 
somotropic amines that, in their neutral form, enter the lyso- 
somes by diffusion but then, in the acidic lysosomal milieu, 
become insoluble and accumulate to high levels, causing the 
osmotic swelling of lysosomes (9). Thus it is tempting to 
speculate that some of the effects of amiodarone might be due 
to interference with the lysosomes by this mechanism. It is 
worth noting, however, that lysosomotropic amines with vacu- 
oli genie ability, like methylamine and chloroquine, work at 
millimolar concentrations (1), whereas amiodarone and its 
metabolites work at micromolar concentrations. Furthermore, 
we find that during amiodarone degradation, the greatest de- 
crease in the vacuoiigenic ability is due to deethylation of 
MDEA rather than to deamination of DDEA (Figs. 5-7). 
Finally, we show that analogs lacking the amine function retain 
some ability of generating vacuoles (like B2-0-EtOH, B2-0- 
Et, and KB- 130015) and can still interfere with the degradation 
of SP-A (B2-OEtGH, B2-0-AcOH, and KB -1300 15). Thus 
the role of the tertiary nitrogen of amiodarone in macrophage 
toxicity remains to be fully defined. 

One aim of this investigation was to analyze the effects on 
alveolar macrophages of two amiodarone derivatives with 
proven antiarrhythmic activity, dronedarone and KB- 130015, 
and to compare them with those of amiodarone. Our results 
indicate that, at equimolar concentrations, dronedarone has a 
toxicity greater than or equal to that of amiodarone since it 
inhibits to a greater extent the exclusion of trypan blue, causes 
a greater release of LDH, and has a higher vacuolating ability 
than amiodarone. On the other hand, dronedarone affects the 
clearance of SP-A to the same extent as amiodarone, both in 
vivo and in vitro. KB- 1300 15 is less toxic than amiodarone 
toward alveolar macrophages according to all criteria used in 
this study and presents a toxicity profile similar to that of 
B2-G-EtOH 

The overall picture that emerges from this study can be 
summarized as follows: i) amiodarone metabolites MDEA, 
DDEA, and B2-0-EtOH rank in order of decreasing toxicity 
toward alveolar macrophages, indicating that dealkylation and 
deamination of the diethylaminoethoxy group are important 
mechanisms of detoxification; 2) dronedarone and KB- 1 300 15 



have respectively greater and smaller toxicity toward alveolar 
macrophages than amiodarone; and 3) the benzofuran moiety, 
which is toxic to liver cells, is not directly toxic toward 
alveolar macrophages. 

It is important to note that these conclusions are based on a 
limited number of effects observed on isolated cells after 
incubation with drugs present at concentrations that may or 
may not be reached in vivo. Furthermore, many of the most 
important effects of amiodarone, such those on mitochon- 
dria, on the traffic of lysosomal enzymes, on calcium ho- 
meostasis, and on the regulation of apoptosis (2, 10) were 
not examined in the present investigation. Finally, it should 
be considered that effects interpreted here as toxic toward 
alveolar macrophages, such as the interference with the 
traffic of vesicles, could represent a desirable end point in 
other respects, like the recently discovered antifungal activ- 
ity of amiodarone (12). 
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